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 Significant iron isotopic variations among magnetite, ilmenite and pyrite are observed 
 Iron isotopic fractionation between magnetite and ilmenite is the net result of subsolidus 
processes 
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Abstract 24 
 Geochemical and iron isotopic compositions of magnetite, ilmenite and pyrite 25 
separates from the Fe-Ti oxide ores hosted in the Damiao anorthosite-type Fe-Ti ore 26 
deposit were analyzed to investigate sub-solidus cooling history of the 27 
titanomagnetite. The Fe-Ti oxides form two series of solid solutions, namely, 28 
-magnetite (Usp-Mtss) and hematite-ilmenite (Hem-Ilmss) solid solutions. 29 
The magnetite separates have 14  30 
have 5-8 mol.% hematite. Geochemical data suggest that the ilmenites were mainly 31 
exsolved from the Usp-Mtss temperature range of 32 
~820  600  and experienced inter-oxide re-equilibration with the magnetites. 33 
Associated with the exsolution is the substantial iron isotope fractionation with the 34 
heavier iron isotopes concentrated in the high Fe3+ magnetite ( 57Fe = +0.27  35 
+0.65 ) and the lighter enriched in the low Fe3+ ilmenite ( 57Fe = -0.65  -0.28 ). 36 
Two types of pyrite are observed, each of which has a distinctive iron isotope 37 
fingerprint. Type I pyrite (pyriteI) with light 
57Fe ( 57Fe = -0.90  - ) was likely 38 
to have precipitated from fluids, and type II pyrite (pyriteII) with heavier 
57Fe ( 57Fe 39 
= +0.63  +0.95 ) is consistent with magmatic origin and probably experienced 40 
sub-solidus isotopic exchange with coexisting minerals such as magnetite during 41 
cooling. Iron isotopic fingerprint of pyrite may be a potential tracer for fluid activities 42 


































































fractionation between the magnetite and ilmenite is the net result of sub-solidus 44 
processes without needing oxygen fugacity variation albeit its presence. The iron 45 
isotopic variations among individual oxides record no evidence for systematic oxygen 46 
fugacity variation in the Damiao Fe-Ti ores. 47 
Keywords: iron isotope, titanomagnetite, exsolution, sub-solidus, re-equilibration 48 
1. Introduction 49 
Titanomagnetite is common in various igneous and metamorphic rocks (Frondel, 50 
1975; Frost and Lindsley, 1991), and has been used as thermo-oxybarometer to 51 
estimate temperature and oxygen fugacity in paragenetic studies (see Sauerzapf et al. 52 
2008). The Fe-Ti oxides show a large variety of microscopic textures resulting from 53 
complex subsolidus re-equilibration processes (e.g., Frost and Lindsley, 1991), and 54 
form two series of solid solutions, i.e. -magnetite (Usp-Mtss) and 55 
hematite-ilmenite (Hem-Ilmss) solid solutions. Relative to 56 
ilmenite intergrowths are more common and usually interpreted as resulting from 57 
occurring at temperatures above the Usp-Mtss solvus 58 
(Buddington and Lindsley, 1964; Frost and Lindsley, 1991). During cooling, coexisting 59 
Usp-Mtss and Hem-Ilmss also undergo inter-mineral cation exchange: 2Fe
3+  Fe2+ + 60 
Ti4+, with magnetite gaining Fe3+ and ilmenite gaining Fe2+ and Ti4+. With decreasing 61 
temperature, the magnetite and ilmenite become purer endmembers. Theoretically, 62 
given the preference of heavier Fe isotopes (e.g., 56Fe, 57Fe vs. 54Fe) to the phases with 63 


































































it is expected that the redistribution of Fe2+ and Fe3+ during the sub-solidus exsolution 65 
will lead to iron isotope fractionation between the exsolved phases.  66 
In recent years, researchers have drawn attention to the iron isotope systematics 67 
of the magmatic Fe-Ti oxides hosted in the Panzhihua layered intrusions, SW China 68 
(e.g., Chen et al., 2014; Liu et al., 2014; Cao et al., 2018). The origin of the Panzhihua 69 
intrusion is attributed to the intense magmatism related to the Emeishan mantle plume 70 
(e.g. Chung and Jahn, 1995; Pang et al., 2008). The Panzhihua Fe-Ti oxides 71 
commonly coexist with silicate minerals such as olivine and clinopyroxene, thus 72 
isotopic exchange between Fe-Ti oxides and silicate minerals induced by diffusion 73 
(e.g., Fe-Mg exchange between olivine and ilmenite, Chen et al., 2018) may also play 74 
a role in the iron isotope systematics. The Damiao Fe-Ti oxides are hosted in the 75 
~1.74Ga massif-type anorthosite complex in the North China Craton (Chen et al., 2013; 76 
Zhao et al., 2009). The Fe-Ti oxide ores are associated with nelsonites, which are 77 
oxides and apatite-dominated rocks essentially devoid of silicate minerals. Therefore, 78 
the Damiao Fe-Ti ores offer the best natural sample to study iron isotope fractionation 79 
in sub-solidus processes without the influence of material exchanges between oxides 80 
and silicates.  81 
In this study we collected a suite of Fe-Ti oxide ore samples from an open-pit mine 82 
of the Damiao ore deposit. We present a comprehensive study of geochemical and iron 83 
isotope compositions on the major Fe-bearing mineral separates (magnetite, ilmenite 84 
and pyrite). Our data illustrate the sub-solidus cooling history of the Fe-Ti oxides, and 85 


































































offers a better understanding on the sub-solidus processes of natural Fe-Ti oxides and 87 
the applications of iron isotope in tracing oxygen fugacity and fluid activities. 88 
2. Geological background and samples 89 
2.1 Characteristics of the Damiao Fe-Ti-P ore deposit 90 
 The Damiao Fe-Ti P ore deposit is hosted in the ~1.74 Ga Damiao andesine 91 
anorthosite complex located in the northern margin of the North China Craton (Fig. 1A; 92 
Pang and Shellnutt, 2018). The complex is considered part of a typical AMCG 93 
(anorthosite  mangerite  charnockite  granite) suite and comprises various rock 94 
types including anorthosite, norite, gabbronorite, ferrodiorite, mangerite, alkali 95 
granitoid and rapakivi granite (Chen et al. 2013; Zhao et al., 2009). Geochemical and 96 
isotopic (Sr-Nd-Hf) data suggest derivation of the magmatic suite by fractional 97 
crystallization of a high-Al basaltic magma (Zhao et al., 2009). The Damiao deposit is 98 
subdivided into many discordant Fe-Ti oxide ore bodies occurring as pods, irregular 99 
lenses, veins or dikes that crosscut the anorthosite (Chen et al., 2013; He et al., 2016). 100 
The ores bodies are lentoid with ~13-55m thick and ~50-350m long (Chen et al., 2013), 101 
and are hosted mainly by anorthosite and locally by leuconorite. Four types of ore rocks 102 
have been identified (Chen et al., 2013; Li et al., 2014): (1) massive Fe ore with 103 
magnetite and ilmenite; (2) massive Fe-P ore with magnetite, ilmenite and apatite; (3) 104 
massive P ore with >50% apatite; and (4) disseminated Fe and Fe-P ores. Unlike other 105 
currently mined Fe-Ti ore deposits from anorthosite provinces worldwide (e.g., Lac Tio 106 


































































dominated by magnetite with comparatively low TiO2 content and ilmenite with low 108 
hematite fraction (see Charlier et al., 2015 for review). It has been proposed that 109 
formation of a nelsonitic melt (Fe-Ti-P-rich ferrobasalt) is a major ore-forming process 110 
(Chen et al., 2013).  111 
2.2 Sample description 112 
A total of 15 massive Fe-Ti oxide ore samples were collected from an ore body 113 
with an exposed area of ~80m  100m within the Heishan open-pit mine (Fig. 1B, 2A). 114 
The sampling location is shown in Fig. 1B with GPS position given in Table S1. The 115 
ore samples mainly comprise coarse-grained (>10mm) magnetite (~85  90 vol.%), 116 
ilmenite (~10  15 vol.%) and a trace amount of pyrite. The ilmenites in the ore samples 117 
occur as intergrowths hosted in the magnetite and three types of intergrowth are 118 
observed: (1) thick ilmenite lamellae (~50  250 m) mainly in one set of (111) planes 119 
(Fig.1C, 1D); (2) thin ilmenite lamellae along the (111) planes (Fig. 1E); (3) ilmenite 120 
granules or granules with re-equilibration texture on the external borders (Fig. 1E). The 121 
 (Fe2TiO4) exsolutions occur as ultrafine lamellae along the (100) planes 122 
(Fig. 1D), while the hercynite (FeAl2O4) exsolutions commonly occur as particles 123 
(Fig. 1F).  124 
3. Analytical methods 125 
The iron isotope and major element compositions were analyzed in the Institute of 126 


































































crushed using a corundum jaw crusher. The disaggregates was introduced to a magnetic 128 
separator to separate magnetite from non-magnetic minerals. Individual mineral phases 129 
were handpicked under binocular microscope. Finally, magnetite, ilmenite and pyrite 130 
grains were obtained from the massive Fe-Ti ore samples. Although different types of 131 
ilmenite intergrowths were identified, EMPA study indicated that they are 132 
homogeneous regarding major element compositions (Tan et al., 2016). Most magnetite 133 
grains contain a trace amount of  exsolutions that cannot be totally 134 
removed.  135 
After ultrasonically cleaned and dried, the mineral separate was dissolved in a 136 
Teflon Parr bombs using a mixture of double-distilled concentrated HNO3-HCl-HF at 137 
~190  for 6 hours. Once fully digested, the solutions were dried and redissolved in 9N 138 
HCl. The sample aliquot was preferentially analyzed on an Agilent 5100 ICP-OES for 139 
major element concentrations following Kong et al. (2019). The analytical precision is 140 
better than 5% (RSD, relative standard deviation). The ferrous and ferric iron 141 
concentrations were calculated via stoichiometry and charge balance (Carmichael, 142 
1967). For chromatographic purification, the sample aliquot was loaded onto a 143 
polypropylene column filled with 1ml anion exchange resin (Bio-Rad AG-MP-1M, 144 
200-400 mesh) prepared in 9N HCl medium. Interfering matrix elements were rinsed 145 
using 5ml 9N and 6N HCl, respectively. Iron was collected using 2ml 1N HCl. The 146 
eluted iron solutions were analyzed on the ICP-OES again to ensure the purity and full 147 
recovery. Prior to the isotope analyses, the purified iron solutions were doped with a 148 


































































Iron and Steel Research Institute) as an internal mass bias monitor.  150 
Iron isotope compositions were determined using a Nu plasma II MC-ICPMS 151 
operated in wet plasma mode with medium resolution ( 00). Background was 152 
measured and subtracted using electrostatic analyzer (ESA) deflection. Sample solution 153 
was introduced in L/min PFA nebulizer into a quartz dual 154 
cyclonic spray chamber. A 600s washout in Milli-Q water was conducted between each 155 
analysis. Individual analysis contained 30 cycles with 8s integration time. Mass bias 156 
fractionation during analysis was corrected by 60Ni/58Ni with the 58Fe interference on 157 
58Ni corrected based on 56Fe. Each sample was analyzed four times between individual 158 
GSB standard (a substitution of IRMM-014; 56FeIRMM-014 
56FeGSB + 0.729, 159 
57FeIRMM-014 
57FeGSB + 1.073; He et al., 2015) analysis. Iron isotope data are 160 
reported in -notation relative to the international standard IRMM-014: XFe  = 161 
[(XFe/54Fe)sample/(
XFe/54Fe)IRMM-014-1] , where X refers to mass 56 or 57. The 162 
long-term external precision was better than  based on the analyses of an 163 
in-laboratory Fe solution Fe ( 56Fe = 0.52 ; 2SD, n=147) for over five months. 164 
The USGS standard BCR-2 was analyzed as an unknown to monitor the data quality. 165 
4. Results  166 
4.1 Major element 167 
The magnetite (Mt) separates mainly contain 34.7  38.1 wt.% FeO, 46.6  56.5 wt.% 168 
Fe2O3 and 4.63  9.00 wt.% TiO2, corresponding to  0.27 (Fig. 3A; where 169 


































































minor oxides of 1.24  5.09 wt.% Al2O3, 0.14  0.43 wt.% Cr2O3, 0.13  1.33 wt.% 171 
MnO, and 0.29  0.38 wt.% V2O3. The ilmenite (Ilm) separates have 44.99  48.76 wt.% 172 
TiO2, 37.4  41.6 wt.% FeO and 4.06  7.14 wt.% Fe2O3, corresponding to 173 
-0.95 (Fig. 3B; fraction of ilmenite component in 174 
the Hem-Ilmss). There are also minor Al2O3, MgO and MnO in the ilmenite separates 175 
with abundances of 0.19  1.23 wt.%, 0.12  2.58 wt.% and 0.56  0.97 wt.%, 176 
respectively. Detailed major element compositions of the mineral separates are given in 177 
the Table S1. 178 
4.2 Iron isotope 179 
Large variations of iron isotope compositions are obtained from the mineral 180 
separates of the Damiao Fe-Ti oxide ores (Table 1) with all data points lying on the 181 
mass-dependent fractionation line (Fig. S1). The magnetite separates have relatively 182 
high 57Fe values from +0.27 to +0.65  (Fig. 3C), and the ilmenite separates have 183 
relatively low 57Fe values from -0.65 to -0.28  (Fig. 3D). The pyrite (Pyr) separates 184 
57Fe variation ranging from -0.90 to +0.95  (Fig. 3E). Replicate 185 
analyses of BCR-2 (n=24) yield mean values of 0.06 5  (2s.d.) and 0.12 6  186 
(2s.d.) 56 57Fe, respectively, which are within error of the reported values 187 
(Table S2).  188 
4.3 Reconstruction of the original titanomagnetite composition 189 


































































prior to sub-solidus processes. We here reconstruct the original titanomagnetite 191 
compositions through integration of discrete ilmenite with the magnetite based on their 192 
relative proportions, which were approximated through the weight of mineral separates 193 
we obtain in each sample. Pyrite is not used in the estimation due to the low 194 
concentration. The result shows that the original Damiao titanomagnetites contain an 195 
average of 77.5 wt.% FeOT, 12.7 wt.% TiO2, 3.16 wt.% Al2O3, 0.73 wt.% MgO and 196 
9. The results are consistent with those 197 
reported by Chen et al. (2013). The reconstructed compositions are detailed in Table S3. 198 
5. Discussion 199 
5.1 Formation of intergrowths in the Damiao Fe-Ti oxides 200 
5.1.1 Hercynite 201 
 Since the original titanomagnetite is spinel-type solid solution containing a 202 
considerable amount of Al3+, hercynite exsolutions can be generated in the cooling of 203 
the solid solution. Considering that Al3+ would be preferentially incorporated into 204 
spinel, hercynite is generally exsolved from magnetite rather than ilmenite. This is 205 
consistent with the observation revealing that most of the hercynite particles occur in 206 
the magnetite (Fig. 2E, 2F). Intergrowth relationship suggests that in the Damiao ore 207 
samples the exsolution of ilmenite and hercynite resembles a eutectoid crystallization 208 
process, in which the two minerals are exsolved from the original titanomagnetite 209 


































































can be constrained by the coexisting hercynite. It is suggested that the solvus of 211 
magnetite-hercynite solid solution is an upward-convex, near symmetric curve with 212 
crest temperature less than 860  (Fig. 4A; Mattioli and Wood, 1988; Turnock and 213 
Eugster, 1962), which yields a temperature maxima of the onset of ilmenite 214 
exsolution. 215 
5.1.2 Ilmenite 216 
Based on the synthetic and annealing experiments, several models have been 217 
proposed to illustrate the cooling history of titanomagnetite and explain the formation 218 
of ilmenite intergrowths. 219 
5.1.2.1 Direct exsolution 220 
Lattard (1995) proposed that some ilmenite intergrowths in titanomagnetite can 221 
possibly form by direct exsolution from cation-deficient Usp-Mtss, which can be 222 
considered as a solid solution within the Fe2TiO4  Fe3O4  -FeTiO3 system. It is 223 
suggested that the cation-deficient Usp-Mtss can be formed by the substitution of Fe
2+ 224 
by Ti4+ following the charge balance: 2Fe2+   + Ti4+. The cation-deficient 225 
Usp-Mtss would directly exsolve ilmenite and become stoichiometric by relaxing 226 
vacancies from the lattice in the cooling of the solid solution. This process is called 227 
 (Lattard, 1995). One-atmosphere experiment in simple systems 228 
suggests that the maximum amount of vacancies in the place of cations in Usp-Mtss 229 
can reach ~2% at 1300  (Taylor, 1964), which can theoretically form ~ 15 wt.% 230 


































































and oxygen fugacity (10-11 at 1300 , corresponding to logfO2=FMQ-7; Lattard, 232 
1995) required for the existence of vacancy in the titanomagnetite can hardly prevail 233 
in natural systems. To further test the model of vacancy relaxation on the formation of 234 
ilmenite in the Damiao ore samples, we calculate the oxygen fugacity and temperature 235 
via the thermo-oxybarometer using major element compositions of magnetite-ilmenite 236 
pairs (Sauerzaph et al., 2008). This thermo-oxybarometer was constructed based on 237 
numerical fits of a large experimental dataset of the Fe-Ti-Al-Mg-O system. The 238 
results show temperatures from 600 to 712  and logfO2 from NNO+0 to NNO+2 239 
(Fig. 5; where NNO is the Ni-NiO oxygen fugacity buffer), which goes against the 240 
existence of the cation-deficient Usp-Mtss and indicates that vacancy relaxation (direct 241 
exsolution) is not suitable to explain the genesis of the ilmenite intergrowths in the 242 
Damiao Fe-Ti ores.  243 
5.1.2.2 Inter-oxide re-equilibration  244 
Inter-oxide re-equilibration involves the exchange of Fe and Ti between Usp-Mtss 245 
and Hem-Ilmss following the substitution scheme of 2Fe
3+  Fe2+ + Ti4+, which can be 246 
expressed by the non-redox reaction:  247 
Fe2TiO4 (in Usp-Mtss) + Fe2O3 (in Hem-Ilmss) = FeTiO3 (in Hem-Ilmss) + Fe3O4 (in 248 
Usp-Mtss)               (1) 249 
The reaction can occur at temperatures above the solvus of Usp-Mtss (Fig. 4B), and 250 
proceeds to the right as temperature decreases. Since Fe2+ is more preferential to 251 


































































the Hem-Ilmss than Ti
4+, the diffused Fe2+ from Usp-Mtss and Fe
3+ in Hem-Ilmss can 253 
precipite as magnetite. While losing Fe2+, the ulv spinel (2FeO 2) in Usp-Mtss 254 
exsolves as ilmenite (FeO 2) in the magnetite host. As a result, both of the 255 
magnetite and ilmenite would become purer endmember compositions upon cooling 256 
(Frost and Lindsley, 1991; Lattard, 1995). 257 
 Although there is some petrographic evidence supporting this process (Fig. 2D, 258 
2E), the inter-oxide re-equilibration alone is still insufficient to explain the 259 
compositional variation among the Damiao magnetite separates. According to the 260 
inter-oxide re-equilibration (reaction 1), when the Usp-Mtss loses one mole of Ti
4+, the 261 
Hem-Ilmss loses one mole of Fe
3+. However, the (Ti4+) variation among the 262 
magnetite separates (~13.5 mol.%; Fig. 4A) is significantly larger than th  (Fe3+) 263 
variation among the ilmenite separates (~2.8 mol.%; Fig. 4B). Considering that 264 
magnetite predominates over ilmenite in the Damiao ores, the concentration of Fe3+ in 265 
the Hem-Ilmss is far from enough to react with -Mtss and 266 
impart  among the magnetite separates. For this reason, the 267 
possibility that the ilmenite is directly crystallized from the parent magma can also be 268 
ruled out. An additional oxygen supply is necessarily required to generate more Fe3+ 269 
that can  to form the ilmenite in the Damiao ores.  270 
5.1.2.3 Super-  271 
 Buddington and Lindsley (1964) demonstrated experimentally that all ilmenite 272 


































































Usp-Mtss during cooling via the reaction:  274 
6Fe2TiO4 (in Usp-Mtss) + O2 = 6FeTiO3 (in Hem-Ilmss) + 2Fe3O4 (in Usp-Mtss)  (2) 275 
Based on thermodynamic calculations, this reaction reaches equilibrium at 735  276 
(1bar) and the equilibrium temperature increases with increasing pressure. In this case, 277 
the ulv spinel in the Usp-Mtss can be oxidized at temperatures above the Usp-Mtss 278 
solvus (Fig. 4B) and exsolves directly as ilmenite, whereas the generated magnetite 279 
becomes part of the host (Fig. 6A, 6B). -  280 
(Buddington and Lindsley,1964). It should be noted that the is 281 
a temperature-sensitive reaction -Mtss can keep equilibrium 282 
with the fO2 at high temperature but tends to be destabilized and oxidized with 283 
decreasing temperature. As a consequence, the Usp-Mtss being oxidized tends to 284 
fraction with decreasing temperature, which 285 
is consistent with the tendency shown in Fig. 5B. Since 286 
temperature, the temperature of onset of 287 
the composition of original titanomagnetite we reconstructed in section 4.3. 288 
According to the average 9, we obtain, by extrapolation, a temperature of 289 
~820  using the regression equation shown in Fig. 5B, which marks the onset of 290 
 The result is consistent with the exsolution temperature 291 
constrained by the coexisting hercynite (<860 ).  292 
Above all, the formation of ilmenite in the Damiao ores should be the net result 293 
of sub- -oxide 294 


































































5.1.3 U  296 
 Generally In the case 297 
of 298 
(Fig. 2D, 6C) 299 
due to the m -magnetite solid solution (<455 ; Fig. 4B; 300 
Price 1981). It is verified 301 
oxygen fugacity and becomes unstable with decreasing temperature (Buddington and 302 
Lindsley, 1964). exsolutions might also be oxidized sub-solvus 303 
and transformed into ilmenite (Tan et al., 2016). Due to the limitations of the mineral 304 
separation method, the ultrafine  exsolutions cannot be totally removed 305 
from the magnetite separates. Thus, the composition of magnetite separates does not 306 
reflect the processes that occurred at temperatures below -magnetite 307 
solvus (Fig. 4B). In fact, the ultrafine  exsolutions in the magnetite 308 
separates represent the  after the super-solvus oxidation of the 309 
original titanomagnetite solid solution.  310 
5.2 Iron isotope systematics 311 
5.2.1 Iron isotopic fractionation between magnetite and ilmenite 312 
To minimize the vibrational energy, the heavier isotopes preferentially incorporate 313 
in lower coordination polyhedral sites to form stronger bonds (Dauphas et al., 2017; 314 


































































greater -factor (reduced partition function ratio) of iron isotope than Fe2+-dominated 316 
phases (Dauphas et al., 2012; Polyakov et al., 2007; Polyakov and Mineev, 2000). 317 
Therefore, it is obvious that magnetite will more readily concentrate heavy Fe isotopes 318 
than ilmenite in equilibrium conditions. This is consistent with the data showing that 319 
the magnetite separates are significantly richer in heavier iron isotopes than the 320 
57FeMt-Ilm = 
57FeMt  
57FeIlm = +0.79  +1.11 ). Presence of the hercynite 321 
particles exsolved within the magnetite grains (Fig. 2F) indicate that the original 322 
Damiao titanomagnetite should crystallize at temperatures above ~860  (Fig. 3B; 323 
Mattioli and Wood, 1988; Turnock and Eugster, 1962). However, such extent of 324 
inter-mineral iron isotope discrepancy cannot be attributed to fractional crystallization 325 
at such high temperatures. The fractionation factor between magnetite and ilmenite 326 
( 57FeMt-Ilm) is a function of temperature and can be approximately evaluated via the 327 




6/T2        (3) 329 
where T is the absolute temperature in Kelvin. The predicted 57FeMt-Ilm values at 1200 330 
 900  are evidently smaller (+0.27  +0.39 ) than those of the magnetite-ilmenite 331 
pairs in the Damiao ore samples (Fig. 7A). The possibility of kinetic isotope 332 
fractionation (e.g. Chen et al., 2018) driven by inter-mineral Mg-Fe exchange can be 333 
ruled out, because no correlation is found betw 57Fe and FeOtotal in both magnetite 334 
and ilmenite. The temperature estimated from 57FeMt-Ilm yields an average of 335 
, which is slightly lower than yielded by magnetite-ilmenite 336 


































































fractionation between magnetite and ilmenite induced by ilmenite exsolution was 338 
achieved at temperatures above the solvus of Usp-Mtss (>455 ; Fig. 4B).  339 
Petrography and elemental geochemistry reconcile that the ilmenites exsolved 340 
from the original 341 
inter-oxide re-equilibration with the host magnetite in the Damiao ores. In the case of 342 
2+ in Usp-Mtss is partially oxidized to Fe
3+ to generate 343 
magnetite (reaction 1), leaving the residual Fe2+, Ti4+ and Fe3+ exsolving as Hem-Ilmss. 344 
As temperature decreases, Fe3+ in Hem-Ilmss will react with Fe
2+ in Usp-Mtss (reaction 345 
2) and become part of magnetite host. Thermodynamic calculations indicate that the 346 
two reactions may occur simultaneously. During these processes, Fe3+ rich in heavy 347 
iron isotopes is retained in Usp-Mtss (represented by the magnetite separates), while 348 
exsolution of ilmenite (represented by the ilmenite separates) takes light iron isotopes 349 
away from Usp-Mtss. This is the way how iron isotopes are fractionated between 350 
magnetite and ilmenite in the Damiao Fe-Ti oxide ores. Although it seems that fO2 351 
play a dominant role in the formation of the ilmenite in the Damiao ores, the 352 
inter-oxide re-equilibration, which is irrelevant to fO2, is another factor in controlling 353 
the iron isotopic variations (see discussion 5.3). 354 
5.2.2 Iron isotopic composition of pyrite 355 
Pyrite in the Damiao ores is common, but not as a consequence of exsolution. Two 356 
types of pyrite were observed in the ore samples: (1) anhedral pyrite (pyriteI) grains 357 


































































(2) subhedral pyrite grains (pyriteII) coexist with adjacent minerals showing triple 359 
junction structure (Fig. 2G). There are also noticeable differences between these two 360 
types of pyrite in iron isotope compositions. The pyriteI grains are characterized by 361 
light 57Fe ranging from -0.900 to -  with 57FeMt-Pyr = 0.625  1.427  and 362 
57FeIlm-Pyr = -0.089  0.493 . Although the valence state is one control for iron 363 
isotope fractionation, another is the type of ligand to which it is bonded (Sossi and 364 
, 2017). In the case of pyrite, the increased covalence in the Fe-S bond results in 365 
stronger bonds, despite the lower oxidation state of iron (Blanchard et al., 2009). 366 
Therefore, the pyrite could have heavier iron isotopic composition when equilibrating 367 
with magnetite or ilmenite. According to the spectroscopic study, the iron isotope 368 
fractionation factor between the Fe-Ti oxides and pyrite can be estimated via the 369 








6/T2       (5) 372 
Based on these equations, there is no possibility that the pyriteI can reach equilibrium 373 
with magnetite or ilmenite. Petrographic evidence indicates that the pyriteI is likely to 374 
be precipitated from fluids, which are able to accommodate metals such as iron, 375 
especially when rich in chloride. Li et al. (2014) proposed that the fluid for the Damiao 376 
ores is composed of CaCl2-NaCl-H2O-CO2. Estimations on the basis of vibrational 377 
spectra show that Fe2+-bearing fluid should have significantly lighter iron than 378 
magnetite, defining an equation (Heimann et al., 2008): 379 
57FeMt-Fe2+fluid +0.42 


































































The iron isotope composition of pyriteI can represent that of the fluid if all the iron 381 
assumed to be accommodated in the fluid has precipitated as pyrite. Fig. 7B shows that 382 
equilibrium has evidently not prevailed between the fluid (isotopically represented by 383 
the pyriteI) and the magnetite with respect to iron isotope. We suggest that the fluid is 384 
from exotic origin (e.g., exsolved from the granitic country rocks; Heimann et al. 2008) 385 
and the iron is predominantly dissolved by the Cl-bearing fluid from the Fe-Ti oxide 386 
ores and/or the Fe-bearing country rocks. Potential support for this thought is provided 387 
by the correlation of Cr2O3 in magnetite with 
57FeMt-Pyr(I) shown in Fig. 8A. Since Cr
3+ 388 
can be effectively mobilized and transported by acidic chloridic fluids under crustal 389 
conditions (Watenphul et al., 2014), thereby being a potential indicator for the activity 390 
of Cl-bearing fluid. The 57FeMt-Pyr(I) increases with decreasing Cr2O3 in magnetite, 391 
indicative of iron extraction from magnetite into the fluid. In contrast, the pyriteII is 392 
considered to be less affected by the fluid. Moreover, Shi et al. (2015) reported that the 393 
altered anorthosite in the Damiao deposit have heavier iron isotopic compositions with 394 
larger variation 57Fe = 0.292 0.616 ) than the unaltered counterparts ( 57Fe = 395 
0.160 0.183 ), reinforcing the hypothesis. All these results suggest that the pyriteI is 396 
most likely to be secondary and the iron isotope fingerprint might be a potential tool 397 
in addressing the fluid activities. 398 
Petrographic evidence suggests that the pyriteII is probably magmatic origin. The 399 
pyriteII grains have heavy 
57Fe ranging from +0.632 to +0.952  with 57FeMt-Pyr = 400 
-0.288  -0.576  (Fig. 7C) and 57FeIlm-Pyr = -1.220  1.591  (Fig. 7D). Since the 401 


































































9A), the good correlation of 57Fepyr(II) with (Fig. 8B) 403 
indicate that the iron isotopic composition of pyriteII may be controlled by the 404 
systematic redox state during cooling (Fig. 8C, 8D). However, the mechanism for this 405 
phenomenon is unclear. One possible explanation is that the pyriteII was isotopically 406 
re-equilibrating with magnetite. Objectively, this correlation needs to be further 407 
examined in a global context to see whether it is a fortuity. 408 
5.3 Petrologic implication 409 
Based on the affinity of heavier iron isotopes (i.e., 56Fe, 57Fe vs. 54Fe) with high 410 
valent iron (Fe3+ vs. Fe2+), and high Fe3+  with high oxygen fugacity (fO2), it is 411 
straightforward to correlate the Fe isotope variations with the varying fO2 (e.g. Dauphas 412 
et al., 2009; Rouxel et al., 2005; Sossi et al., 2012). However, researchers found that in 413 
some dunite, chromite with higher Fe3+  has lighter Fe isotopic composition than 414 
coexisting olivine (Chen et al., 2015). Inverse correlation was found between 57Fe and 415 
Fe3+  in the mantle spinels (Williams et al., 2004). These observations have led to a 416 
debate concerning whether iron isotopic variations among individual minerals can 417 
reflect the fO2 variations in equilibrium conditions.  418 
Synthetic experiments showed that the compositions of the Fe-Ti oxide pairs are 419 
associated with fO2 (Buddington and Lindsley, 1964). Among the Damiao magnetite 420 
separates fraction shows inverse correlation with the fO2 (Fig. 421 
9A), which is consistent with the result of experimental study. Thus, we can address the 422 


































































57Fe. However, the data points are scattered in the plot of 57FeMt 424 
with  or fO2 (Fig. 9C and 9E), indicating that the Fe isotopic fingerprints of the 425 
magnetite separates decouple from the composition and the fO2 variations. Although 426 
the iron isotope fractionation between the magnetite and ilmenite separates in each ore 427 
sample is primarily controlled by sub-solidus processes, the resultant iron isotopic 428 
modification to the magnetite separates is concealed in the analytical error due to the 429 
predominance of magnetite. Mass balance calculation using the geochemical and 430 
isotopic data in this study shows that exsolution of the ilmenite can increase the 57Fe 431 
value of the magnetite separates by 0.08  0.1 , which is largely insufficient to explain 432 
such a large Fe isotopic variation ( 57FeMt = 0.278  0.651 ). In this case, iron isotopic 433 
variation among the magnetite separates most likely reflects the isotopic heterogeneity, 434 
which is probably result from the post-magmatic fluid activities implied by the pyriteI 435 
(see discussion 5.2.2). 436 
Among the Damiao ilmenite separates, an inverse correlation is found between 437 
57FeIlm  (Fig. 9D), which is consistent with theoretical study predicting that 438 
species where Fe3+ predominates will enrich in heavier Fe isotopic composition. 439 
Geochemical data suggest that the ilmenites were exsolved from the original 440 
titanomagnetite via  and were simultaneously affected by 441 
sub-solidus inter-oxide re-equilibration (see discussion 5.2). However, the ilmenite 442 
fraction  in the ilmenite separates is less sensitive to the oxygen intensity (Fig. 443 
9B). This result is inconsistent with synthetic experiments showing that ilmenite with 444 


































































condition (Buddington and Lindsley, 1964). Therefore, oxygen intensity is considered 446 
to be an inessential factor (Fig. 9B). We suggest that it is the inter-oxide re-equilibration 447 
that primarily controlled the ilmenite fraction and iron isotopic variation among the 448 
ilmenite separates. The inter-oxide re-equilibration between magnetite and ilmenite is a 449 
temperature-dependent non-redox reaction: Fe2TiO4 (in the magnetite host) + Fe2O3 (in 450 
the exsolved ilmenite) = FeTiO3 (being exsolved) + Fe3O4 (being the host). Heavier Fe 451 
isotopes with Fe3+ are preferentially transferred from the previously exsolved ilmenite 452 
to the magnetite host, causing iron isotop  the ilmenite 453 
separates. In terms of mass balance, this process has insignificant influence on iron 454 
isotopic composition of the magnetite (within analytical error), but markedly varies that 455 
among the ilmenite separates (Fig .9D). Hence, the inter-oxide re-equilibration reaction 456 
is most likely to be a key factor, which is irrelevant to fO2, in controlling the iron 457 
isotopic variation among the ilmenite separates. 458 
To sum up, the iron isotopic fractionation between the magnetite and ilmenite is 459 
the net result of sub-solidus reactions with oxygen fugacity being a sufficient but 460 
unnecessary factor, and the iron isotopic variations among individual minerals have 461 
no implications on the systematic oxygen fugacity for the Damiao Fe-Ti ores.  462 
6. Conclusion 463 
 The Damiao Fe-Ti ore samples show varying microscopic textures resulting from 464 
complex sub-solidus re-equilibration processes. The magnetite separates mainly 465 


































































 0.27, while the ilmenite samples have 44.99  48.76 wt.% TiO2, 467 
37.4  41.6 wt.% FeO and 4.06  7.14 wt.% Fe2O3 -0.95. The 468 
magnetite-ilmenite thermo-oxybarometer indicates temperatures from 600 to 712  469 
and fO2 from NNO+0 to NNO+2 that marks the end of sub-solidus 470 
re-equilibration. Geochemical data suggest that the ilmenites were exsolved by 471 
experienced inter-oxide re-equilibration during the 472 
cooling of the original titanomagnetite. Associated with the exsolution is the 473 
substantial iron isotope fractionation with the heavier iron isotopes concentrated in the 474 
high Fe3+ magnetite and the lighter enriched in the low Fe3+ ilmenite. Two types of 475 
pyrite were observed, each of which has a distinctive iron isotope fingerprint. Type I 476 
pyrite (pyriteI) with light 
57Fe was likely to have precipitated from fluids, and type II 477 
pyrite (pyriteII) with heavier 
57Fe was consistent with magmatic origin and probably 478 
experienced sub-solidus isotopic exchange with coexisting minerals such as magnetite 479 
during cooling. Iron isotopic fingerprint of pyrite may be a potential tracer for fluid 480 
activities and oxygen fugacity, although further study is still needed. The iron isotopic 481 
fractionation between the magnetite and ilmenite is the net result of sub-solidus 482 
processes without needing oxygen fugacity variation albeit its presence. The iron 483 
isotopic variations among individual oxides record no evidence for systematic oxygen 484 
fugacity variation in the Damiao Fe-Ti ores. 485 
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Figure Captions 609 
Figure 1. Simplified geological map showing distribution of the ore bodies and 610 
sample locality in the Damiao ore deposit (modified after Chen et al., 2013).  611 
 612 
Figure 2. Photographs of the Damiao Fe-Ti oxide ores. (A) The Heishan open-pit 613 
mine of Damiao deposit (B) A hand-specimen of Fe-Ti oxide ore (HS18-5). (C-H) 614 
Photomicrographs of Fe-Ti ore sample under reflected light. (C-D) Thick ilmenite 615 
lamellae exsolved in the magnetite grains with u exsolutions. (E-F) 616 
Ilmenite grain in contact with magnetite grain. Note the re-equilibration overgrowth 617 
on the external border of ilmenite grain. (G) Pyrite grain coexisting with magnetite 618 
shows triple junction structure. (H) Anhedral pyrite grain precipitated in the crevice of 619 
magnetite grain. Note the magnetite inclusions involved in the pyrite grains. Mt, 620 
 621 
 622 
Figure 3. Compositional and isotopic variations of the mineral separates from the 623 
Damiao Fe- , 624 
magnetite separates; Ilm, ilmenite separates; Pyr, pyrite separates. Error bars represent 625 
 standard deviation (s.d.). 626 
 627 
Figure 4. (A) The magnetite-hercynite solvus suggested by Turnock and Eugster 628 
(1962). The solvus is symmetric with crest lying at temperature of ~455 . (B)The 629 


































































~860 . The magnetitess and hercynitess refer to the magnetite and hercynite solid 631 
solutions, respectively.  632 
 633 
Figure 5. Relationship of temperature with (A) oxygen fugacity and (B) 634 
fraction in magnetite. The temperatures are calculated via the thermo-oxybarometer of 635 
Sauerzaph et al. (2008) using the major element compositions of magnetite-ilmenite 636 
pairs. 637 
 638 
Figure 6. Schematic illustrations on the cooling history of Damiao titanomagnetite. (A): 639 
the original titanomagnetite is assumed to crystallize at ~1100  with logfO2=FMQ+0 640 
(Toplis and Carroll, 1995), where FMQ refers to fayalite-magnetite-quartz oxygen 641 
fugacity buffer. The temperature (~820 ) of onset of  oxidation is 642 
approximated via the regression equation shown in Fig. 5B. (B): The ulv spinel 643 
component in the Usp-Mtss was oxidized and consequently exsolved as ilmenite 644 
following the reaction 6Fe2TiO4 (in the original titanomagnetite) + O2 = 6FeTiO3 645 
(exsolved) + 2Fe3O4 (in the host). The temperature that marks the termination of 646 
oxidation (~600 ) is calculated via the thermo-oxybarometer of Sauerzaph et al. 647 
(2008) using the major element compositions of magnetite-ilmenite pairs. (C): The 648 
 649 
below the solvus of Usp-Mtss (<455 ; Price, 1980). 650 
 651 


































































samples. Fractionation coefficients of the (A) magnetite-ilmenite, (B) magnetite  653 
Fe2+-fluid, (C) magnetite-pyrite and (D) ilmenite-pyrite are assumed to be +0.58, +0.42, 654 
-0.51 and -1.09, respectively, which are derived from the spectroscopic data (Blanchard 655 
et al., 2009; Heimann et al., 2008; Polyakov et al., 2000, 2007). Iron isotopic 656 
composition of the Fe2+-fluid is represented by the pyriteI, assuming that all the iron 657 
accommodated in the fluid had precipitated as pyrite. Pyr(I) and Pyr(II) refers to the 658 
pyriteI and pyriteII, respectively. Panzhihua titanomagnetite data are from Chen et al. 659 
(2014). Error bars represent  s.d.. 660 
 661 
Figure 8. Relationship of iron isotopic fingerprint of pyrite with (A) Cr2O3 and (B) 662 
663 
calculated via the thermo-oxybarometer of Sauerzaph et al. (2008). Error bars 664 
represent  s.d. 665 
 666 
Figure 9. Binary plots show relationship of oxygen fugacity with compositional 667 
variations among the (A) magnetite and (B) ilmenite separates; relationship of iron 668 
isotopic variations with compositional variations among the (C) magnetite and (D) 669 
ilmenite separates; relationship of oxygen fugacity with iron isotopic variations 670 
among the (E) magnetite and (F) ilmenite separates. The fO2 is calculated using 671 
the magnetite-ilmenite thermo-oxybarometer of Sauerzaph et al. (2008). Where NNO 672 



































































Figure S1. Iron isotope compositions of the mineral separates from the Damiao Fe-Ti 675 
ore samples plot along a mass-dependent fractionation line, confirming high quality of 676 
the data. Error bars represent  s.d.. 677 
 678 
Table Captions 679 
Table 1 Iron isotopic composition of the mineral separates from the Damiao Fe-Ti ore 680 
samples. 681 
 682 
Table S1 Major element compositions of the magnetite and ilmenite separates from 683 
the Damiao Fe-Ti ore samples. 684 
 685 
Table S2 Iron isotopic results for the replicate and standard iron solutions. 686 
 687 
Table S3 Major element compositions of the reconstructed original titanomagnetite.  688 
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Magnetite Ilmenite Pyrite 
56Fe 2s.d. 57Fe 2s.d. 56Fe 2s.d. 57Fe 2s.d. 56Fe 2s.d. 57Fe 2s.d.
HS18-04 0.381  0.069  0.651  0.118  -0.089  0.043  -0.283  0.033  -0.525  0.042  -0.777  0.086 
HS18-05 0.275  0.070  0.429  0.151  -0.221  0.025  -0.363  0.017  -0.278  0.057  -0.354  0.085 
HS18-06 0.244  0.049  0.356  0.164  -0.248  0.044  -0.466  0.113  -0.623  0.023  -0.900  0.079 
HS18-07 0.259  0.045  0.346  0.055  -0.282  0.076  -0.473  0.138  -0.638  0.043  -0.893  0.090 
HS18-08 0.187  0.088  0.278  0.170  -0.287  0.054  -0.536  0.101  -0.257  0.040  -0.372  0.102 
HS18-09 0.214  0.054  0.348  0.141  -0.260  0.092  -0.530  0.055  -0.056  0.050  -0.113  0.076 
HS18-10 0.239  0.096  0.305  0.141  -0.330  0.038  -0.506  0.116  -0.619  0.054  -0.922  0.154 
HS18-11 0.208  0.064  0.269  0.105  -0.248  0.021  -0.444  0.056  -0.211  0.074  -0.355  0.129 
HS18-12 0.388  0.042  0.553  0.101  -0.305  0.064  -0.412  0.039  0.662  0.079  0.947  0.183 
HS18-13 0.248  0.049  0.376  0.134  -0.426  0.056  -0.639  0.089  0.646  0.020  0.952  0.039 
HS18-14 0.287  0.038  0.435  0.106  -0.408  0.048  -0.617  0.115  0.618  0.014  0.863  0.052 
HS18-15 0.202  0.072  0.280  0.114  -0.398  0.041  -0.584  0.081  0.600  0.049  0.817  0.108 
HS18-16 0.253  0.031  0.347  0.066  -0.346  0.010  -0.567  0.090  0.599  0.033  0.899  0.054 
HS18-17 0.416  0.051  0.460  0.057  -0.403  0.027  -0.647  0.092  0.497  0.070  0.748  0.083 
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